Introduction
The design of functional units from the molecular scale to macroscopic assemblies has emerged as a new paradigm in materials synthesis resulting in an interplay between conventional molecular chemistry and conventional solid-state science. This has been particularly clear in the development of functional materials using coordination compounds such as in the field of semiconductors technology, supramolecular machinery, microporous and hybrid materials and catalysis.
[1] In some cases, the development of these functional materials is based on the chemistry of well-known coordination compounds as illustrated by the assembly of inorganic-organic extended lattices [2] and in the thermolysis of metal thiolato compounds to produce thin films or nanoparticles. [3] Metals coordinated to aromatic ambidentate ligands form a class of compounds with a wide variety of coordination modes which has long attracted the attention of chemists.
[4] Griffith and co-workers extended this type of chemistry to the second row transition metals and, in particular, 4238 data show that these Ln complexes are isostructural. The effect of both organic ligands on the photoluminescent behaviour of the Sm 3+ , Eu 3+ and Tb 3+ complexes is discussed and we anticipate the possibility of controlling the photoluminescence of picolinic-containing lanthanide compounds by systematically varying the length of the bridging ligand. (© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim, Germany, 2007) to their applications in catalysis. [5] More recently, as part of our own studies of metal complexes with aromatic ambidentate ligands, [6] we began to exploit the coordination chemistry of 3-hydroxypicolinic acid and its derivatives in the synthesis of a series of lanthanide complexes and we investigated the role of this ligand in the photoluminescence of such complexes. [7] Picolinic acid complexes of lanthanides, particularly those of Eu 3+ and Tb 3+ , show interesting photoluminescent behaviour because energy transfer from the aromatic groups close to the lanthanide ions may enhance the luminescent efficiency of the ion. [8] Even dispersed in solid matrices they can produce efficient luminescent materials, such as those in SiO 2 nanoparticles obtained by the sol-gel method. [7] Therefore, in principle, it should be possible to fine tune the luminescence of such nanocomposites by working out the coordination chemistry of the Ln complexes. Lanthanide coordination polymers, including those synthesised in the presence of dicarboxylato ligands have attracted considerable interest and many examples can be found in the literature. [9] However, we could not find examples of Ln-containing coordination compounds with this type of ligand or an aromatic antenna. Consequently, we report here a distinct approach which involves the simultaneous use of a highly flexible bridging ligand (glutaric acid) with a chelating aromatic ligand (picolinic acid) which, on the one hand, might function as an antenna, efficiently transferring energy to the Ln centre or, on the other hand, may remove available coordination sites thus controlling to some extent the dimensionality of the final product. 
Results and Discussion

Synthetic Aspects
in a silica gel matrix over a period of several months, leading to high-quality single-crystals suitable for a full structural determination using X-ray diffraction (see crystal description below). Phase identification of the Tb 3+ material was also performed using single-crystal X-ray diffraction whereas for the Eu 3+ complex only powder studies could be undertaken (see Exp. Sect. dedicated to X-ray crystallography and the Supporting Information). Crystal images of the Sm 3+ (SEM) and Tb 3+ (optical microscope) compounds are supplied as Supporting Information.
Crystal Structure Description of [Sm(glu)(pic)(H 2 O) 2 ]
When an aqueous solution containing Sm 3+ diffuses into a gel containing glutaric acid (H 2 glu = C 5 H 8 O 4 ) and picolinic acid (Hpic = C 6 H 5 NO 2 ) a crystalline material, which could be manually isolated in the form of large single-crystals, formed after a period of 4 months (see Exp. Sect.). The crystal structure of this material was elucidated by X-ray crystallography (see dedicated Exp. Sect.) and ultimately formulated as [Sm(glu)(pic)(H 2 O) 2 ]. The phase purity and homogeneity of the bulk sample were further confirmed using powder X-ray diffraction (not shown) and CHN elemental composition analyses.
The crystal structure contains a single crystallographically unique Sm 3+ metallic centre which appears coordinated to two water molecules, three glutarate anions (glu 2-) and one picolinic acid residue (pic -) in a typical eight-coordination fashion (see part a of Figure 1 , {SmNO 7 }) best described as a highly distorted dodecahedron ( Table 1 ] are in good agreement with those typically found in related compounds, as revealed by a search of the Cambridge Structural Database (CSD, Version 5.27, November 2005), [10, 11] while the typical Sm-O water distance can be found in the 2.32-2.89 Å range (from 41 entries with a median of 2.44 Å). The Sm-O carboxylate are instead in the 2.19-3.08 Å range (from 98 entries with a median of 2.41 Å). It is of considerable interest to mention that the lack of regularity in the dodecahedral coordination environment arises, [a] (11) [a] Symmetry transformations used to generate equivalent atoms:
mainly, because of the various binding modes of the ligands composing the first coordination sphere (details in the following paragraphs) which is directly reflected in the internal angles of the polyhedron (Table 1) . The compound contains a single crystallographically independent glutarato residue which appears with its two carboxylato groups having very distinct coordination modes (Scheme 1). On the one hand, the carboxylato group composed of O (5) and O(6) (Figure 1, a) coordinates to the Sm 3+ centre through a typical bidentate syn,syn chelating fashion with a bite angle of 52.33 (9) °which is in good agreement with the values reported for analogous materials (from 35 entries in the CSD with a median of 51.2°). On the other hand, the opposite carboxylato group, composed of O(3) and O(4) (Figure 1, a) , appears instead forming a syn,anti bridge with a neighbouring Sm 3+ cation, thus imposing a Sm(1)···Sm (1) i separation of 4.626(1) Å. This syn,anti bridge leads to the formation of a centrosymmetric binuclear moiety which can be further envisaged as the building block of the polymeric structure of the material (see below), a structural feature only found in a handful of other structures also containing lanthanide centres and glutarato anions, namely with Nd 3+ , [12, 13] Ho 3+ [13] and Tb 3+ , [14] all of which are 1D materials. Interestingly, in those compounds, the glutarato anions exhibit markedly distinct coordination geometries compared with those recorded for our material. This is particularly notable for the bridging groups which appear as syn,anti bridges while in those related 1D compounds [12, 13] one oxygen atom is simultaneously involved in a syn,syn chelate and in a syn,anti bridge. Moreover, this structural aspect exhibited by one carboxylato oxygen atom is repeatedly found in all the remaining known 2- [14] and 3D [15] [16] [17] [18] [19] [20] [21] lanthanide-organic materials containing glutaric acid residues, thus rendering the present compound the first example of a glutaratolanthanide material in which an inter-lanthanide bridge via a carboxylato group is enforced by a syn,anti bridge. Apart from structurally creating the aforementioned bimetallic units, the glutarato anionic residues further establish physi- (Figure 1, c and d) . As reported by Zhang et al. [13] for the 1D 2 ] molecular tape present in the crystal structure also contains, external to the glu/Sm core, chelating aromatic organic ligands (picolinato residues) which seem to prevent the growth of the hybrid polymer in more than one direction by removing available coordination sites in the metallic centres (Figure 1) . Indeed for all known and related compounds, when these chelating moieties are not present, 2- [14] and 3D [15] [16] [17] [18] [19] [20] [21] [22] materials are typically isolated. The picolinic acid residues appear coordinated to the Sm 3+ metallic centres in a typical N,O-chelating fashion (Scheme 1) with a bite angle of 64.97(10)°, a value consistent with those reported for similar compounds [23] [24] [25] [26] (10 entries in the CSD, with values spanning from 60.5 to 67.6°; median of 64.0°).
Individual neutral 1D ϱ 1 [Sm(glu)(pic)(H 2 O) 2 ] molecular tapes close-pack in the solid state, mediated by weak interactions such as homonuclear O-H···O hydrogen bonds and π-π stacking to form a 3D supramolecular structure. On the one hand, strong and highly directional [all interaction angles Ͻ(DHA) are well above 150°-see Table 2 ] O-H···O hydrogen bonds involving the coordinated water molecules and the carboxylato groups interconnect neighbouring tapes in the bc plane of the unit cell leading to a 2D supramolecular framework (Figure 2, a) . One of these interactions is particularly important for the structural integrity of the binuclear secondary building unit of the molecular tape, as represented in Figure 2 In fact, for all other closely related compounds, connections between adjacent lanthanide centres are usually assured by four carboxylato groups, either belonging to the glutarato [12] [13] [14] 16, [18] [19] [20] [21] or oxalato [15, 17] anions in a pseudo-paddlewheel motif. For the ϱ 1 [Sm(glu)(pic)(H 2 O) 2 ] molecular tape, only two carboxylato groups bridge the metallic centres (Figure 2, b) with structural stability being achieved [a] (4) 172 (4) [a] Symmetry transformations used to generate equivalent atoms: Table 2 .
when the aforementioned hydrogen bonds are taken into account. Hydrogen-bonded supramolecular layers are in turn arranged in an orderly fashion along the [100] direction of the unit cell, mediated by offset π-π stacking interactions between neighbouring coordinated picolinic acid residues (Figure 3) . 
Spectroscopic and Thermoanalytical Results
The CHN elemental data for [Ln(glu)(pic)(H 2 O) 2 ] (where Ln = Sm 3+ , Tb 3+ and Eu 3+ ) are summarised in Table 3 and agree well with the expected compositions based on the single-crystal X-ray studies performed (see above). Diagnostic FTIR and Raman spectroscopic data are also provided in Table 3 . FTIR spectroscopy confirms the coordination of both ligands to the metal centres: pic -by means of the carboxylic group and the nitrogen atom from the aromatic ring and glu 2-by its carboxylato groups. The asym- Vibrational data (cm -1 ) [b] Picolinic 2 ] the total weight loss was 57 % with a calculated value of 60 % between 22°C and 800°C.
Photoluminescence
The excitation spectra of the Sm 3+ , Eu 3+ and Tb 3+ compounds represented in Figure 4 were monitored around the cation's more intense line which can be found at 597 nm for Sm 3+ , 614 nm for Eu 3+ and 545 nm for Tb 3+ . Each spectrum displays a large broad band in the range of 250-Sm 3+ , Eu 3+ and Tb 3+ energy levels. The large broad bands can be ascribed to the excited levels of the ligands [24, 26] and are mainly formed of two components, peaking around 275 and 295 nm, being most evident for the Eu 3+ and Tb
3+
compounds. The assignment of the intra-4f 5 transitions was based on the published literature.
[27] Although the 7 F 1 level of the Eu 3+ complex is populated at room-temperature, we have only explicitly assigned the 7 F 1 Ǟ 5 D 0 transition. We also note that the intensity at lower wavelengths (250-260 nm) for the Sm 3+ complex is artificial due to the correction for the spectroscopic distribution of the lamp intensity (marked with an asterisk in Figure 4 ). 2 ] complex has been estimated assuming that only nonradiative and radiative processes are essentially involved in the depopulation of the excited state, as already reported. [7, 28] We obtained a q value of ca. 10 %, with a corresponding k r value of 0.253 ms -1 . These values, lifetimes and quantum efficiency values, although lower when compared with those obtained by Sendor et al. for the europium picolinato, [8] are of the same order of magnitude as those obtained for the Eu 3+ emission in the 3-hydroxypicolinato [7] and 2-hydroxynicotinato complexes.
[29]
Conclusions
A triad of isostructural lanthanide-organic 1D coordination polymers, [Ln(glu)(pic)(H 2 O) 2 ] (where Ln = Sm 3+ , Tb 3+ and Eu 3+ ), were successfully isolated and characterised in the solid-state as homogeneous phase-pure materials. All these compounds share common structural features and show efficient intramolecular aromatic ligand-to-lanthanide energy transfer. These coordination polymers are composed of lanthanide dimers separated by long and flexible glutarato anions. The present results open up interesting prospects for future work concerning the investigation of the photoluminescent behaviour of other picolinic-containing lanthanide-organic polymers in which the length of the flexible ligand could be systematically varied.
Experimental Section
General Instrumentation: Infrared spectra were recorded using KBr disks (Aldrich, 99 %+, spectroscopic grade) with a Matson 7000 FTIR spectrometer. FT-Raman spectra were collected on a Bruker RFS 100 instrument with a Nd:YAG coherent laser (λ = 1064 nm). Elemental analyses for C, H and N were performed using a CHNS-932 elemental analyser (at the Microanalysis Laboratory of the University of Aveiro) and also an Exeter Analytical CE 440 Elemental Analyser using helium as the purge gas (at the Department of Chemistry, University of Cambridge). Thermogravimetric analyses (TGA) were carried out using a Shimadzu TGA 50 instrument with a heating rate of 10°C min -1 under a continuous air stream with a flow rate of 10 cm 3 min -1 . Crystal photographs were taken using a Stemi 2000 stereomicroscope equipped with Carl Zeiss lenses and a high-resolution AxioCam MRc5 digital camera connected to a personal computer. Scanning Electron Microscopy (SEM) images were acquired using a Hitachi S-4100 field emission gun tungsten filament instrument working at 25 kV. Samples were prepared by deposition on aluminium sample holders and by carbon coating. The luminescence spectra were recorded at room temperature with a modular double grating excitation spectrofluorimeter with a TRIAX 320 emission monochromator (Fluorolog-3, Jobin Yvon-Spex) coupled to a R928 Hamamatsu photomultiplier by means of the front face acquisition mode. The excitation source was a 450 W Xe arc lamp. Excitation spectra were corrected from λ = 240 to 600 nm for the spectral distribution of the lamp intensity using a photodiode reference detector. Emission spectra were also corrected for the spectral response of the monochromators and the detector by using typical correction spectra provided by the manufacturer. The lifetime measurements were acquired with the setup described for the luminescence spectra using a pulsed Xe-Hg lamp (6 µs pulse at half width and 20-30 µs tail). 2 ], small crystals could also be manually harvested which allowed unequivocal phase identification by means of the unit cell determination using single-crystal X-ray diffraction data. Phase identification of [Eu(glu)(pic)(H 2 O) 2 ] was performed by employing X-ray powder diffraction (see following sections).
Syntheses
Single-Crystal X-ray Diffraction: A suitable single-crystal of [Sm(glu)(pic)(H 2 O) 2 ] was mounted on a glass fibre using FOM-BLIN Y perfluoropolyether vacuum oil (LVAC 25/6) purchased from Aldrich. [30] Data were collected at 180(2) K on a Nonius Kappa CCD area-detector diffractometer (Mo-K α graphite-monochromated radiation, λ = 0.7107 Å) equipped with an Oxford Cryosystems cryostream and controlled with the Collect software package. [31] Images were processed using the software packages www.eurjic.orgDenzo and Scalepack [32] and data were corrected for absorption by the empirical method employed in Sortav. [33, 34] The structure was solved by direct methods with SHELXS-97 [35] and refined by fullmatrix least-squares on F 2 using SHELXL-97. [36] All non-hydrogen atoms were directly located from difference Fourier maps and refined with anisotropic displacement parameters.
Even though the vast majority of the hydrogen atoms bound to carbon were markedly visible in the difference Fourier maps, they were instead located in their idealised positions using appropriate HFIX instructions in SHELXL (43 for the aromatic and 23 for the -CH 2 -carbon atoms) and included in subsequent refinement cycles in riding-motion approximation with isotropic thermal displacements parameters (U iso ) fixed at 1.2 times U eq of the carbon atom to which they are each attached. Hydrogen atoms associated with the coordinated water molecules were directly located from difference Fourier maps and included in the final structural model with the O-H and H···H distances restrained to 0.95(1) Å and 1.55(1) Å, respectively (in order to ensure a chemically reasonable geometry for these molecules), and using a riding model with an isotropic displacement parameter fixed at 1.5 times U eq of the atom to which they are each attached. The last difference Fourier map synthesis showed the highest peak (0.892 e Å -3 ) and deepest hole (-0.949 e Å -3 ) located at 1.51 Å from C (5) Powder X-ray Diffraction: Powder X-ray diffraction data were collected on a X'Pert MPD Philips diffractometer (Cu-K α X-radiation, λ = 1.54060 Å) equipped with an X'Celerator detector, graphitemonochromated radiation and a flat-plate sample holder in a Bragg-Brentano para-focusing optics configuration (40 kV, 50 mA). Intensity data were collected in a continuous scanning mode in the ca. 3°Յ 2θ Յ 70°angular range.
The collected powder X-ray diffraction pattern for [Eu(glu)-(pic)(H 2 O) 2 ] was indexed by means of the routines provided with the software program DICVOL04 [37] and by employing the first 20 well-resolved reflections (located using the derivative-based peak search algorithm provided with Fullprof.2k) [38, 39] and a fixed absolute error on each line of 0.03°2θ. Preliminary unit cell metrics were calculated with high figures-of-merit: M(20) [40] = 44.4 and F (20) [41] = 97.6; zero shift of 0.0246°.
A Le Bail [42] whole-powder-diffraction-pattern profile fitting in the space group P2 1 /c (systematic absences unequivocally identified using CHECKCELL [43] ) was performed with the FullProf.2k software package. The fit provided as in Figure S1 in the Supporting Information was obtained by using a typical pseudo-Voigt peakshape function and, in the last stages of the fitting process the unit cell parameters and typical profile parameters, such as scale factor, zero shift, Caglioti function values and two asymmetry parameters were allowed to refine. Fixed background points were used. Refined unit cell parameters: a = 12.025(1) Å, b = 13.376(1) Å, c = 8.480(1) Å, β = 96.862(5)°(R Bragg = 1.54 % and χ 2 = 6.81).
Supporting Information (see also the footnote on the first page of this article): Le Bail whole-powder-diffraction-pattern profile fitting in the P2 
